Objectives/Hypothesis: Aim of the study is to quantify differences in spatiotemporal features of vibratory motion in typically developing prepubertal children and adults with use of high speed digital imaging.
INTRODUCTION
In the United States, over one million or 6 to 9% 1 of all children suffer from dysphonia. 2 Hoarseness can be detrimental to children both psychosocially 3, 4 and academically. 5 Hence, early identification and restoration of optimal vocal health is critical. Early identification is dependent upon accurate diagnosis of disordered vibratory patterns. Fundamental to appropriate differentiation of disordered vibratory patterns is the knowledge of what constitutes normal vibratory function in the pediatric population.
Laryngeal visualization of vibratory patterns is essential for appropriate assessment and treatment of most voice disorders; however, quantitative assessments of vocal fold vibratory changes associated with growth and development in children are lacking, despite the recognition that the pediatric larynx is not merely a miniature version of the adult larynx. Children have a shorter vocal tract, 6, 7 anteriorly placed larynx, a shorter membranous portion of the vocal folds, 8, 9 and less differentiated vocal ligament 8, [10] [11] [12] with thicker mucosa until the age of 13 12 to 16 8 years. Not only are there anatomical differences between children and adults, there are group and gender differences in the use of respiratory and acoustical systems at prepubertal ages. Children have higher fundamental frequency, higher variation in fundamental frequency, 13 increased signal-to-noise ratio, 13 50% to 100% greater lung pressure, 14 and higher sound pressure level 15 than adults. Empirical evidence from measurements of aerodynamic characteristics, [14] [15] [16] [17] [18] [19] acoustic characteristics, [20] [21] [22] [23] [24] [25] and electroglottographic characteristics 26, 27 emphasize the influences of laryngeal structures on vibratory function as a primary factor affecting children's vocal physiology. How these differential mechanical properties of the body (muscle) and cover (mucosa) of the pediatric vocal folds translate to unique spatiotemporal properties of vibratory motion is not known.
Because children are functionally different from adults, this study proposes to clinically quantify spatiotemporal differences in vibratory dynamics between children and adults, as observed on laryngeal imaging. Studies have reported feasibility of stroboscopic examination with the use of flexible 28 and rigid endoscope 29 in the pediatric population. Pediatric laryngostroboscopy was recommended for comprehensive diagnostic differentiation between benign mucosal lesion and identification of inflammatory processes, especially in children with a prolonged history of dysphonia. 30 However, due to variability in attention span and participation in children, it is often difficult to obtain pediatric phonation samples of greater than 2-3 seconds, 29 resulting in non-interpretable stroboscopic findings. Unlike stroboscopy, High Speed Digital Imaging (HSDI) offers a means for directly measuring spatiotemporal characteristics of vocal fold vibrations 31, 32 as it records actual cycle-to-cycle variation 33, 34 in vibratory motion with superior temporal resolution of up to 4,000 frames per second. This level of detail is especially critical for comprehensive clinical appraisal of children's voice production that has a higher habitual fundamental frequency and shorter phonation duration during endoscopic imaging, compared to adults.
In order to develop age-specific models of pediatric voice production to facilitate clinical differentiation of normal from disordered pediatric vocal function, it is important to objectively quantify the spatial and temporal differences in laryngeal dynamics of the typically developing pediatric larynx. The quantitative image-based analysis technique called Phonovibrogram (PVG) [35] [36] [37] appears to be ideal for quantifying spatiotemporal features of pediatric vocal fold motion. The PVG is a comprehensive approach of transforming motion into a static image with geometric features, where the vocal fold vibrations can be quantified from the geometric features of the image. 36 Objective 38 and subjective 32 assessment of PVG has been proven to have high accuracy and reproducibility in quantifying and differentiating normal 39, 40 and disordered 41, 42 vocal fold vibrations in adults. Recent work on quantitative 43 and subjective 44 analysis of high speed videos in adults have revealed mild anterior-posterior, left-right, and phase asymmetries in normal phonation. To the best of our knowledge, the aforementioned studies investigating spatiotemporal differences have been confined to the adult population. The specific purpose of this prospective study was to assess whether prepubertal differences in spatiotemporal vibratory motion is present compared to adults. More specifically spatiotemporal differences in opening and closing phases of the vibratory cycle were compared between the left and right vocal fold, and along the anterior and posterior parts of the vocal fold between children and adults.
MATERIALS AND METHODS

Participants
A total of 40 children, (age range 5-11 years), and 35 adults (age range 21-45 years) were recruited at the University of Kentucky, Vocal Physiology and Imaging Laboratory, after signing of appropriate IRB approved informed consent and assent forms. Adult and children participants were recruited from IRB approved advertisement fliers placed around the Uni-versity of Kentucky Campus and at University of Kentucky Children's Hospital. IRB approval was obtained from both the University of Kentucky and University of Erlangen to perform data analysis on de-identified data. Participants were included in the study if they met the following criterion: had negative histories of vocal pathology, were not professional voice users, were perceptually judged to have a normal voice by a certified speech language pathologist specializing in voice disorders. Participants going through puberty as identified via case history were excluded. Selection criteria for adult participants were similar to those of pediatric group, except that the adult participants had a negative history of smoking.
High Speed Digital Imaging (HSDI)
Sustained phonation on the vowel /i/ was recorded at participant's typical pitch and loudness. The recordings were performed by a digital gray scale KayPentax high-speed system model 9710, with a sampling rate of 4,000 frames per second and with a spatial resolution of 512 x 256 pixels for a maximum duration of 4.094 seconds. The camera was coupled to a 70 KayPentax endoscope. Simultaneous acoustic signal was recorded at 50kHz. Acoustic recording was used to confirm the presence of steady state phonation and participants' task performance of typical pitch and loudness. A xenon light source of 300 watts was used for imaging. Participants performed three practice trials of sustained phonation on the vowel /i/ at typical pitch and loudness, prior to recording with HSDI. Only one recording was performed and analyzed per participant.
Data Segmentation and Parameter Extraction
Image segmentation, 35 PVG computation, 37 extraction, and computation of parameters were performed by applying a software application (Glottal Analysis Tools, GAT), which was developed at the Department for Phoniatrics and Pediatric Audiology, Erlangen, Germany. Prior to data segmentation of the high speed videos, the data from all participants were verified for task performance, based on acoustic analysis of sustained phonation on the vowel /i/. From each high speed recording, a sequence of steady state phonation of 50 oscillation cycles (160 ms to 460 ms corresponding to 110 Hz-310 Hz fundamental frequency) was selected and analyzed. The mean fundamental frequency for females was 251 Hz (SD ¼ 31 Hz), male was 145 Hz (SD ¼ 36 Hz), children was 285 Hz (SD ¼ 31 Hz). Within each sequence, the oscillating glottis, the left and right vocal fold edges were segmented and the glottis midline was determined ( Fig. 1 ) for generation of the PVG. 37 The PVGs ( Fig. 1) were computed and normalized for each cycle. 37, 41 From the PVG, opening (O) and closing (C) angles of the left (L) and right (R) vocal folds, for the 50% deflection status were automatically computed for anterior (A) and posterior (P) parts of the vocal fold. 37 The PVG angles represent the opening and closing behavior of the anterior and posterior region along the vocal fold margins (Fig. 2 ). The PVG angle parameters were shown to have high accuracy and reproducibility in healthy adult phonation. 39, 40 Therefore, the PVG opening and closing angles were used to quantify the opening and the closing phases of the glottal cycle along the anterior and the posterior parts of the vocal folds. 40 Briefly, the PVG angles 37 were computed as follows: the vocal folds were initially separated at the medio-lateral position along the anterior and posterior parts of the vocal folds. The time point representing the deflection of 50% of the amplitude was selected to represent the closing and opening period for each position along the vocal fold edges (Fig. 2) . In other words, the resulting contour corresponds to the point in time during which a vocal fold point has reached half of its displacement between minimum and maximum deflection. The deflection status or contour threshold of 50% was selected, as it has been proven to incorporate many characteristic behavior of vibratory motion. 41 This deflection threshold of 50% of the amplitude was applied individually to the anterior and posterior parts of the vocal folds.
Subsequently, a regression line for these positions was computed and the angles for opening and closing at anterior and posterior positions were calculated, yielding eight angles for each oscillation cycle. 39 The angle value of 90 indicates that the glottal parts forming the angles move synchronously with no time delay. For the opening process, angles > 90 suggest that the anterior/posterior glottal parts begin to open earlier than the medio-lateral parts of the vocal fold. Whereas, angles < 90 suggest that the medio-lateral part of the vocal folds begin to open earlier than the anterior/posterior parts. For the closing process, angles > 90 suggest that the anterior/posterior glottal parts begin to close later than the medio-lateral parts of the vocal fold. Whereas, angles < 90 suggest that the medio-lateral part of the vocal folds begin to close later than the anterior/posterior parts (Fig. 2) .
The PVG angles are abbreviated as follows: for example, the angle for left (L) vocal fold during closing (C) in anterior area (A) is abbreviated as LCA (Fig. 2 ). The eight PVG angles (LOA, LOP, LCA, LCP, ROA, ROP, RCA, RCP) were averaged over the sequence of 50 oscillatory cycles and their standard deviations (LOA_s, LOP_s, LCA_s, LCP_s, ROA_s, ROP_s, RCA_s, RCP_s) were computed for each participant. The angles reflect spatial (i.e., positioning of the vocal folds) as well as temporal (i.e., changes of vocal fold positioning during oscillation) characteristics of the vocal folds. The standard deviations reflect only temporal behavior and can be viewed as perturbation measures or as regularity parameters of the oscillations. This yields a total of 16 parameters for each recording.
Additionally, left-right ratios reflecting the degree of leftright symmetry between the vocal folds were computed. The left-right ratios of Ratio_OA, Ratio_OP, Ratio_CA, Ratio_CP, were computed by dividing the left four angles by the corresponding right four angles ( Fig. 2 ) for each oscillation cycle. 
The ratios were averaged over the sequence of 50 cycles, yielding four mean ratios (Ratio_OA, Ratio_OP, Ratio_CA, Ratio_CP) and four standard deviation values (Ratio_OAs, Ratio_OPs, Ratio_CAs, Ratio_CPs) for each participant. Ratio values equal to 1 correspond to perfect symmetry between the left and the right vocal fold. The further away the ratio is from 1, the more asymmetry is present between left and right vocal fold vibrations. The standard deviations of the ratios can again be considered as perturbation measure and reflect the stability or periodicity of the oscillations. In summary, a total of 24 PVG parameters (12 spatial features and 12 temporal features, indicated by ''s'') were computed and statistically analyzed for detecting spatiotemporal differences between children and adults. Hereby, the spatial features are represented by the opening and closing angles along the anterior and posterior parts of the vocal folds (LOA, LOP, LCA, LCP, ROA, ROP, RCA, RCP), as well as by left-right symmetry ratio (Ratio_OA, Ratio_OP, Ratio_CA, Ratio_CP). Temporal features are represented by the cycle-to-cycle variability of the spatial features (LOA_s, LOP_s, LCA_s, LCP_s, ROA_s, ROP_s, RCA_s, RCP_s, Ratio_OAs, Ratio_OPs, Ratio_-CAs, Ratio_CPs).
Statistical Analysis
Group differences between the three groups (adult females vs. adult males, females vs. children, and male vs. children) were analyzed for all the 24 parameters. Shapiro-Wilk tests were used to test for normal distribution for all 24 spatiotemporal parameters. For normally distributed parameters, ANOVA was performed following least-square difference (LSD) post-hoc tests.
For non-normal distributed parameters, Kruskal-Wallis tests were performed. The significant levels of the Kruskal-Wallis tests were Bonferroni corrected. Subsequently, post-hoc tests (Mann-Whitney U) were performed with significant level p 0.05, since a Bonferroni correction was already performed before. Post-hoc tests were only performed if ANOVA or Kruskal-Wallis tests showed significant levels. Results were considered significant for, p 0.05, if not Bonferroni corrected. Statistical testing was performed using IBM SPSS Statistics 19.0.
Statistics on single parameters only enable to analyze group differences, since there is always a certain amount of interference. Hence, we performed a multiparameter approach to investigate if a combination of several parameters enables to assign single subjects to their specific group: males, females, or children. We applied an unsupervised Clustering approach (method: X-means clustering; measure: cosine similarity) with 10-times stratified cross validation. For the clustering procedure, the parameters were z-transformed for standardisation. High correct classification results would indicate that combined parameters reflect the group characteristics and allow for separating or classifying the different groups. Unsupervised clustering was performed using the open source software Rapidminer.
RESULTS
Due to heightened gag reflex, data from nine children could not be obtained. High speed recordings of a total of 66 participants, including 31 (5-11 years) children and 35 adults (21-45 years) were analyzed (Table I) .
Computed absolute values from the 8 PVG angles, as well as their eight standard deviations (stability) are summarized in Figure 3 and Figure 4 . Already evident are two observations: 1) The opening angles in children are mostly higher than the closing angles ( Fig. 3) , reflecting a longer opening than closing duration of the vocal folds. 2) The standard deviations of the angles increase from males to females to children (Fig. 4) . The left-right ratio parameters are summarized in Table II , reflecting high symmetry in all three groups.
Spatial features (i.e., PVG angles and left-right ratios) and temporal features (parameters marked by ''_s '') were compared across three groups: children, male, and female. Shapiro-Wilk tests showed that nine parameters were Gaussian distributed (LOA, LOP, ROA, Table III shows the statistical results for ANOVA and Kruskal-Wallis tests. Within the previous three columns, the pvalues for the post-hoc tests are given which were only performed if previous analysis showed statistical significance.
Female Versus Male Group
Greater statistically significant gender differences between adult male and adult females were observed for temporal features (RCA_s, LOA_s, LCA_s, LCP_s, RCP_s, Ratio_CPs) compared to the spatial features (LOP, RCA).
The closing phase showed greater statistical differences in the temporal variability along the anterior and posterior parts of the vocal folds (RCA_s, LCA_s, LCP_s, RCP_s, Ratio_CPs) compared to the opening phase (LOA_s). Females demonstrated greater values for these temporal parameters, that is, for females; the variability within cycle-to-cycle along the anterior and posterior parts of the vocal folds during the closing phase were higher compared to males. Spatial difference in the opening of the posterior part (LOP) and closing of the anterior part (RCA) was statistically significant between male and females. In females, the posterior part begins to open earlier and the anterior part begins to close later compared to the medio-lateral part. This is exhibited by angles higher than 90 (Fig. 3) . In contrast, men exhibit more shutter-like vibrations, exhibited by smaller angles closer to 90 (Fig. 3) . Variation of left-right symmetry for the closing phase (Ratio_CPs) is less in males compared to the females. Overall spatiotemporal symmetry param-eters are rather equal between females and males (Table  II) .
Children Versus Adult Female Group
Statistically significant differences were obtained for the spatial features of LOA and RCA along the anterior part. In both children and females, the anterior part opens earlier compared to the medial part. However, in children there is a greater delay between the anterior and medial parts of the vocal folds compared to the female group. This is also subjectively seen by the larger opening angles (LOA, ROA, ROP) in children (Fig. 3 ). However, this was only found to be statistically significant for LOA. During the closing phase, the anterior and Post-hoc tests are performed for the 10 parameters which showed significant vales for ANOVA with p<0.05 or Kruskal-Wallis with p<0.0033 due to Bonferroni correction, grey highlighted. Significant values within post-hoc tests are in bold: Eight parameters exhibit differences between females vs. males, six parameters show significant differences between females vs. Children, and 10 parameters show significant differences between males vs. children.
posterior parts of the vocal fold close slightly later in females compared to the medial part. In children there is less difference in the closing of anterior/posterior and medial parts (values closer to 90 ) ( Fig. 3) . No statistical significant differences were determined in spatial symmetry characteristics. The four statistically significant temporal features (RCA_s, LCP_s, Ratio_CAs, Ratio_CPs) exhibit greater cycle to cycle variability in children during closing, but not during opening.
Children Versus Adult Male Group
Greater number of statistically significant differences were observed in both spatial and temporal features between children versus adult males (10 parameters) compared to adult females (6 parameters) (Table III) . Statistically significant differences were observed for the spatial features of LOA, LOP, and RCA. In both children and adult males, the anterior/posterior parts of the vocal fold opens earlier than the medial part; however, in children there is a greater delay between the anterior/ posterior and medial parts of the vocal folds (Fig. 3) . In males, the closing especially in the anterior part is rather shutter-like (angles close to 90 ) and differs more along the anterior part than along the posterior part compared to children.
Statistically significant differences were obtained for the following seven temporal features: RCA_s, LCA_s, LCP_s, RCP_s, LOA_s, Ratio_CPs and Ratio_-CAs, suggesting much greater cycle-to-cycle variability in children. The differences are especially pronounced for the closing phase. Also, an increased cycle to cycle variability in symmetry during closing is exhibited in children due to statistical significant differences for Ratio_CPs and Ratio_CAs.
Classification
For classification purposes, only the 10 parameters that showed statistical significance within ANOVA or Kruskal-Wallis were considered (Table III) . The other parameters were omitted, since there were obviously no differences between the groups. Unsupervised cluster analysis was performed. The results are given in Table  IV . In the last column, the class recall is given: percentage of the correct predicted subjects in the specific class. In the bottom row, the class precision values are given: percentage of the correct predicted subjects within all predicted subjects to the specific class.
The class recall is very high (<70%) for all three groups. No males were assigned toward the children group. Two females were assigned to the male and to the children group. Only two children were assigned to the males, but seven children were assigned toward the female group.
Regarding the class precision, it can be stated that the predicted children group shows best values (92%); only two females were assigned toward the children and no males were assigned. The female class precision (60%) is worst, since several males and children were assigned to this class. The class precision of the male class is in between children and females. This indicates that the vocal fold vibrations within children are closer to vocal fold vibrations of females than to males, and that female vocal fold vibrations are somehow in between children and male vocal fold vibrations.
DISCUSSION
In this work, we present the first study on objective characterization of spatiotemporal PVG differences of vocal fold vibration on HSDI in typically developing children compared to adults. Unique functional differences in both spatial and temporal features of vibratory motion were evident between adult and pediatric vocal fold dynamics.
The overall differences in spatiotemporal characteristics were more distinct for adult males versus children.
To the best of our knowledge, this is the first study providing empirical evidence from in vivo assessment of vocal fold vibrations of greater differences between adult males and children. Differences in both spatial and temporal aspects were observed between adult males and children; however, differences between adult female and children were reflected predominantly in the temporal aspect of vocal fold vibrations. The spatial differences between adult male and children were predominantly significant for the closing phase of the anterior glottis (LCA, RCA).
Spatial Characteristics
A novel finding of this study is that children had especially high-angle values for opening along the posterior (LOP, ROP) glottis. This finding is attributed to the high occurrence (73%) of the posterior glottal gap during modal phonation in typically developing children in the study.
Additionally, the opening angles in children are higher than the closing angles, indicating that the opening is longer compared to males and females. The finding of longer opening correlates with the finding of higher airflow open quotient produced by children during the prepubertal years. However the current finding Class recall is the percentage of the correct predicted subjects. For the male group, this means that 81% (13 males out of 16 males) are correctly predicted to the male class. Class precision means the percentage of the correct predicted subjects within all predicted subjects to the specific class. For males, this means, that within the predicted class males (subjects: 13 þ 2 þ 2) actually 76% (13 subjects) were males. The overall mean accuracy is given with 76% 6 12%.
provides direct physiological measurement of longer opening compared to the indirect measure of airflow open quotient, which relates to the duration of the opening. 15 Children in this study had closing angles slightly closer to 90 , suggesting that the closing is more shutter-like, with a decreased longitudinal delay between the anterior and the medio-lateral parts of the vocal folds compared to the opening phase. This difference between spatial opening and closing characteristics was also seen in adults (Fig. 3) , however less pronounced. Overall, angles for males were closer to 90 (i.e., shutter likevibrations) compared to females and children, who exhibited higher phase delays between anterior/posterior and medio-lateral parts, as seen by larger angles (Fig.  3 ). Spatial differences between children and adults may be indicative of differential mechanisms involved in opening and closing of the vocal folds in children compared to the adults, and could be attributed to the immature tissue characteristics. [8] [9] [10] [11] [12] The computed left-right mean symmetry ratios in adults, as well as in children, were always 1.0, representing ''perfect'' average symmetry between left and right spatial characteristics. However, the standard deviations in adults for the left-right asymmetry were up to 20%, confirming results for adults from earlier studies. 44, 45 The asymmetry ratio for children was also up to 20%, a novel finding of this study. The 20% asymmetry between the left and the right vocal fold is unlikely to be influenced by factors related to vocal fold deformation or endoscopic distortion, 45 as similar factors were present for both children and adults. Hence, the computed asymmetry of up to 20% could be attributed to differences in the histological makeup 8 and of the central control of left and right vocal fold. 46 In spite of increased variability in spatiotemporal movement of vocal fold vibrations in children, the left-right symmetry ratio is similar to adults in children as young as 5 years of age; providing indirect evidence of adult-like cortical control of vocal fold motion.
Temporal Characteristics
Differences in temporal features between children and adults were much more pronounced and statistically significant (Table III) than spatial features. Children in this study demonstrated increased cycle-to-cycle temporal variability (Fig. 4) , providing physiological evidence of uncontrolled phonation at the level of the vocal folds. The reason for increased temporal variability in oscillatory dynamics in children is not known yet, but may be related to known anatomical differences toward the changing microstructure of the vocal fold layered structure, 12, 47 the size of the vocal folds, 8 and the size of the vocal tract 9 in the prepubertal children. Increased temporal variability could also be due to the variability in amplitude, fundamental frequency, 13 and aerodynamic function 15 during the prepubertal years. However, this is speculative at this point. Further investigations with large number of participants, examining the growth trends across the various spatiotemporal vibratory features, could establish the nature of the trend/profile of vocal development, which could be useful for under-standing the process of change responsible for the development of voice and voice disorders in children. It is interesting that children as young as 5 years of age try to maintain the shutter-like action of closing of adults, but in doing so have considerable cycle-to-cycle temporal variability, especially during closing. This variability during closing is especially emphasized by the statistical differences for temporal characteristics based on symmetry (Ratio_CAs, Ratio_CPs), as well as by angles (LCA_s, LCP_s, RCA_s, RCP_s).
Classification
Classification approaches in voice research have been mainly applied to differentiate pathologies from normal subjects. 41, 32, 42 However, they were also applied to investigate if parameters are sufficient to differentiate between vocal fold dynamics like pre-and postvocal loading. 48 The goal of the performed unsupervised clustering approach was to investigate if the considered set of parameters are sufficient to differentiate between children and adults. The clustering approach confirmed the characteristic dynamical behavioral properties within the selected parameters, due to high correct classification (76% in average). However, considering additional parameters (e.g., open quotient, close quotient, etc.) in future classification approaches, even better results could be achieved. The results of the clustering analysis also confirm that female vocal fold vibration characteristics are in between of those of children and males.
Limitations
Additional research for the application of the proposed features must be conducted with a larger number of subjects and multiple trials for development of reliable and standardized application of spatiotemporal measurements for clinical assessment of pediatric voice disorders. In the future, several other aspects of oscillation-like amplitude periodicity, open quotient, speed quotient, etc., will have to be analyzed to determine the nature of pediatric vocal fold vibrations and the clinical utility of HSDI in assessment of pediatric voice disorders. In the future, it also would be desirable to combine flexible fiberoptic with high speed in children, as is currently done with stroboscopy. 28 Finally, future studies should explore this technique to investigate when puberty initiates and how the oscillatory dynamics change. This can be performed by PVG analysis and also by adapting biomechanical multimass models by comparing the optimized parameters such as masses and stiffness. 45 For future classification approaches, it will be necessary to include more parameters and to analyze, which are best suited for distinguishing vocal fold vibrational characteristics for different groups, for example, healthy versus certain pathologies.
CONCLUSION
This study provides the first quantitative evidence of functional differences in spatiotemporal vibratory Laryngoscope 122: November 2012 D€ ollinger et al.: Spatiotemporal Analysis of Vocal Folds characteristics in normal phonation between children and adults. Children have greater temporal cycle-tocycle variability during normal phonation compared to adults, especially during closing. This study provides preliminary evidence that, in children, the glottis opens in a zipper-like pattern and closes in a more shutter-like pattern without longitudinal delay. Like adults, children have similar left versus right asymmetry of up to 20%. Vocal fold oscillations of children are more similar to females than to males. The data presented here may provide the bases for differentiating normal vibratory characteristics from the disordered in the pediatric population. An improved understanding of the spatiotemporal properties of vocal fold vibrations could provide a foundation for development of empirically based age-specific clinical models for early identification of children with voice disorders, and assessment of treatment outcomes by providing clinical measurement of typical and disordered vocal function in children.
